Plagioclase-bearing ultraphyric basalts, which can have up to 35% accumulative, millimetre-sized plagioclase crystals, were episodically erupted during some stages of building of La Ré union Island volcanoes. Selected rock samples were analysed from the two volcanoes of the island (four samples from Piton des Neiges and two from Piton de la Fournaise). We summarize the results of petrographic and geochemical studies of the whole-rocks and silicate melt inclusions trapped within plagioclase (An 84Á2-71Á7 ) macrocrysts, which contain aliquots of the parental melts of their hosts. Melt inclusion compositions are used to discuss the origin of La Ré union plagioclasebearing ultraphyric basalts, with special emphasis on the magma storage system that led to their production. Experimentally re-homogenized melt inclusions were analysed by electron microprobe and laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS) for their major and trace elements. Together with the textural observations, these results indicate that the host crystals are inherited, although their parental magma compositions are close to that of the host lava. Petrographic lines of evidence suggest that the plagioclase macrocrysts originate from batches of plagioclase-rich mush or fragments of anorthositic gabbro ripped from the magma chamber walls. The parental melts of the plagioclases evolve predominantly by clinopyroxene þ plagioclase crystallization. The density contrasts between minerals and liquid allow their efficient segregation. We propose that plagioclases are collected below the magma chamber roof as a flotation cumulate, thereby forming plagioclase-rich mush and anorthositic gabbro, whereas clinopyroxenes sink. The plagioclase-ultraphyric basalts are derived from the remobilization of this mush, or fragments of the anorthositic cumulate, upon the input of a new batch of magma that triggers their eruption. We postulate that the periodic occurrence of these striking basalts during specific periods of the volcano's growth corresponds to decreases in the magma supply, which promoted plagioclase crystallization and its segregation by flotation. Finally, we suggest that the plagioclase-ultraphyric basalts from the Riviè re des Remparts and Riviè re de l'Est valleys, previously regarded as components of the Piton de la Fournaise volcano, are instead products of the declining activity of an older volcano, possibly Les Alizé s volcano.
INTRODUCTION
Basaltic rocks with a high content of millimetre-sized calcic plagioclase crystals have been described in a variety of volcanic environments. These plagioclase-phyric or plagioclase-ultraphyric basalts [referred to as PUBs following Cullen et al. (1989)] , are common at mid-ocean ridges, where they have been described both on-axis and off-axis in regions of ultra-slow and intermediate spreading (e.g. Flower, 1980; Kuo & Kirkpatrick, 1982; Cullen et al., 1989; Batiza & Niu, 1992; Sinton et al., 1993; Le Roex et al., 1996; Hellevang & Petersen, 2008; Lange et al., 2013) . They also occur in ocean islands and large igneous provinces, where they can be termed Giant Plagioclase Basalts (Hansen & Grö nvold, 2000; Annell et al., 2007; Higgins & Chandrasekharam, 2007; Halldorsson et al., 2008; Neave et al., 2014) .
The origin of PUBs is still a matter of debate. Basalts with a plagioclase-macrocryst content in excess of what is expected from the liquid line of descent along an olivine þ clinopyroxene þ plagioclase cotectic have been ascribed to the following: (1) extreme plagioclase crystallization from high-Al and high-Ca parental liquids (e.g. Sinton et al., 1993; Nielsen et al., 1995; Panjasawatwong et al., 1995) ; (2) physical accumulation of plagioclase in the melt (e.g. Cullen et al., 1989) ; (3) mixing of a basaltic liquid with plagioclase cumulates or mush zones (Le Roex et al., 1996; Hansen & Grö nvold, 2000; Hellevang & Petersen, 2008; Lange et al., 2013; Neave et al., 2014) .
At La Ré union Island, volcanism has been assigned to long-lived mantle plume activity. Plagioclaseultraphyric basalts (PUBs) are defined as a variety of basalts containing more than 15 vol. % of millimetresized calcic plagioclase crystals. PUBs were erupted only during discrete periods in the past activity of the two volcanoes, Piton de La Fournaise and Piton des Neiges (Upton & Wadsworth, 1972a; Billard, 1974) . Therefore, the magmatic system of these volcanoes probably changes over time, and these lavas reflect particular processes acting during only specific periods within the magma chambers. Several models have been invoked to explain PUB genesis at La Ré union volcanoes, including various processes of plagioclase crystal accumulation or enrichment in a basaltic liquid, such as plagioclase accumulation by sinking (Upton & Wadsworth, 1972a) or flotation at deep levels (Kluska, 1997) for Piton des Neiges volcano, and gabbro-mush disruption (Albarè de et al., 1997) for Piton de la Fournaise volcano. Smietana (2011) proposed, for both volcanoes, that plagioclase crystallization was favoured over that of olivine during cooling of a magmatic reservoir.
In this study, we determine the origin of the plagioclase crystals of the PUBs from Piton des Neiges and Piton de la Fournaise volcanoes, considering both the texture of the plagioclase crystals and the compositions of the melt inclusions preserved within them. Because plagioclase-hosted melt inclusions in the PUBs preserve the plagioclase parental liquid composition, they yield direct information on magma petrogenesis. We discuss PUB petrogenesis at La Ré union, relate PUB occurrence to specific magma chamber processes and consider the implications of these processes for the evolution of the magmatic activity of the island.
GEOLOGICAL SETTING La Ré union Island
Located in the western Indian Ocean (Fig. 1a) , the island of La Ré union is considered to mark the site of a rising mantle plume (Fisk et al., 1989; Duncan, 1990 ) that originates in the deepest part of the lower mantle (Courtillot et al., 2003) . The island rises $3 km above sea level, but the entire volcanic edifice rises $7 km from the ocean floor and the subaerial part represents only 3% of the whole volume (Lé nat & Labazuy, 1990) . La Ré union is made up of at least two shield volcanoes (Fig. 1b) , the quiescent and deeply eroded Piton des Neiges that forms the NW part of the island, and the active Piton de la Fournaise to the SE. Lavas at La Ré union are mostly basalts with a transitional chemical composition, intermediate in character between tholeiitic and alkaline suites (Upton & Wadsworth, 1972a) .
At Piton des Neiges, two magmatic series corresponding to major stages in the construction of the subaerial volcano have been defined (Upton & Wadsworth, 1965) . The Oceanitic Series [Primitive Shield or Phases I and II of Billard (1974) ] was erupted during the shieldbuilding stage (Fig. 1c) , from more than 2 Ma to 430 ka (K-Ar ages; McDougall, 1971; Upton & Wadsworth, 1972a; Gillot & Nativel, 1982) . It consists of basic lava flows and their reworked products, including oceanites (i.e. accumulative olivine-rich basalts), olivine basalts and aphyric basalts with compositions dominantly controlled by the modal concentration of olivine macrocrysts; that is, they mainly lie along olivine-control lines (Upton & Wadsworth, 1972a) . This basic stage was followed, after a short (less than 100 kyr) quiescent period, by a sequence of lavas and pyroclastic rocks referred to as the Differentiated Series (Fig. 1c) , which corresponds to the post-shield stage, from about 340 ka (McDougall, 1971; Upton & Wadsworth, 1972a; Salvany et al., 2012) up to the volcano's extinction $29 kyr ago (Salvany et al., 2012) . PUBs from Piton des Neiges were identified from two periods of this stage, as discussed below.
The Differentiated Series comprises a suite of differentiated alkaline lavas and pyroclastic rocks, ranging from basalt to trachyte in composition (e.g. Upton & Wadsworth, 1972a; Kluska, 1997) . Upton & Wadsworth (1972a) suggested that this major change for the Piton des Neiges volcano, which corresponds to Phase III and Phase IV of Billard (1974) , occurred by closed-system crystal fractionation of the magma reservoir beneath the volcano when the main conduit shifted to Piton de la Fournaise.
Phase III appears to have been continuous from 340 ka to $180 ka, mainly with the eruption of hawaiitic and mugearitic lavas. Phase IV ($180-29 ka) was marked by several explosive episodes (Billard, 1974) , corresponding to the eruption of the most differentiated lavas of Piton des Neiges, from mugearites to benmoreites (e.g. Kieffer, 1990; Deniel et al., 1992) and trachytes (Upton & Wadsworth, 1972a; Nativel et al., 1979; Kluska, 1997) . The most explosive phase of this volcano corresponds to an ignimbrite sequence (Rocher & Westercamp, 1989 ) dated at 180 ka, marking the transition between Phase III and Phase IV, and was followed by a quiescent period of $40 kyr (Kieffer, 1990; Kluska, 1997; Salvany et al., 2012) .
The magmatic evolution sequence and construction of Piton des Neiges are consistent with the idealized model of growth proposed for typical Hawaiian-type oceanic volcanoes (Peterson & Moore, 1987; Clague & Sherrod, 2014) , in which an alkaline post-shield stage follows a basaltic tholeiitic to transitional shieldbuilding stage and is accompanied by magma differentiation and a decline in magmatic activity.
Piton de la Fournaise is at present one of the most active volcanoes in the world. Its subaerial growth is marked by two major stages of building, termed ancient shield and recent shield, respectively (Bachè lery & Mairine, 1990; Fig. 1c) . Gillot & Nativel (1989) and Salvany et al. (2012) proposed that Piton de la Fournaise started to grow more than 560 kyr ago. The oldest outcropping sequence (Riviè re des Remparts and Riviè re de l'Est valleys; Fig. 1b ) corresponds to a weakly differentiated alkaline series (Fig. 1c) , comprising basalts, hawaiites and mugearites (Albarè de et al., 1997) . An abrupt change to the Oceanitic Series occurred about 450-400 kyr ago, with the eruption of Mahoney et al., 2002) . The black line represents the displacement of the lithospheric plate over the hotspot, from the Deccan Traps to its current position at La Ré union Island. The dashed line corresponds to the pre-Deccan portion of the hotpot track according to Kent et al. (2002) (not necessarily implying the existence of the hotspot at these times; Mahoney et al., 2002) . The ages of the volcanism are in Ma. (b) Digital terrain model of La Ré union Island, with the six PUB sample localities (grey squares, Piton des Neiges samples; black squares, Piton de la Fournaise samples). RR, Riviè re des Remparts; RE, Riviè re de l'Est; ML, Morne Langevin caldera; PS, Plaine des Sables caldera; EF, Enclos Fouqué caldera. (c) Stratigraphic columns of the main magmatic series of both La Ré union volcanoes. Ages are from McDougall (1971), Gillot & Nativel (1982) and Salvany et al. (2012) for Piton des Neiges (PdN), and from Gillot & Nativel (1989) , Merle et al. (2010) and Salvany et al. (2012) for Piton de la Fournaise (PdF). 'PUB eruptions' indicates the stratigraphic position of the three periods during which plagioclase-ultraphyric basalts were erupted: A, from 560 to 450 ka (Merle et al., 2010; Salvany et al., 2012) ; B, from 340 to 250 ka; C, from 140 to 100 ka (Kluska, 1997) . Oceanitic Series and Differentiated Alkaline Series from Upton & Wadsworth (1972a) . Phases II, III and IV of Piton des Neiges from Billard (1974) (Phase I not shown on the column). Ancient shield (AS) and Recent shield (RS) of Piton de la Fournaise from Bachè lery & Mairine (1990). oceanites (olivine-rich basalts), olivine basalts and aphyric basalts (Bachè lery & Mairine, 1990; Albarè de et al., 1997; Merle et al., 2010) . These lavas are transitional to tholeiitic basalts (Fig. 2a and Lé nat et al., 2012) . The transition between the Differentiated alkaline lavas and the Oceanitic Series is exposed in the Riviè re des Remparts cliff, west of the current Piton de la Fournaise summit, formed by collapse and erosion about 290 kyr ago (e.g. Bachè lery & Mairine, 1990; Mairine & Bachè lery, 1997; Merle et al., 2010; Lé nat et al., 2012) .
Building of the recent shield is considered to have started with a second collapse episode about 150 kyr ago (Bachè lery & Mairine, 1990) , corresponding to the Morne Langevin caldera. This collapse caused the migration of the main eruptive centre of the volcano to its current position (i.e. from the Plaine des Sables area to the terminal cone in the Enclos Fouqué caldera; Fig. 1b) . The recent shield sequence comprises only olivinebearing basaltic lavas.
From geochemical considerations, lavas from Piton de la Fournaise can be divided into four main groups (Upton & Wadsworth, 1965 , 1972a Ludden, 1978; Bachè lery, 1981; Albarè de & Tamagnan, 1988; Albarè de et al., 1997; Famin et al., 2009; Villemant et al., 2009; Salaü n et al., 2010; Lé nat et al., 2012; Pichavant et al., 2016) : aphyric basaltic lavas, also called Steady State Basalts (SSB) or cotectic basalts, olivine-rich basalts with up to 60% of modal olivine (6 Cr spinel), the previously mentioned differentiated group, belonging to a typical alkaline trend of differentiation, and a group of basalts called the Abnormal group or Anomalous group, which mainly consists of lavas with relatively high MgO contents but low CaO/Al 2 O 3 ratios compared with the SSB. The Abnormal group is typified by strombolian-style eruptions from cones thought to be a few thousand years old and referred to as the adventive cones (Bachè lery et al., 2014; Valer et al., 2016) . Recent shield lavas belong to all groups except that of the differentiated lavas, but SSB is the most frequently erupted lava type for the historical period (Peltier et al., 2009; Lé nat et al., 2012; Di Muro et al., 2014) . They result from the cotectic crystallization of olivine, clinopyroxene and plagioclase at low pressure (e.g. Fisk et al., 1988; Albarè de et al., 1997; Boivin & Bachè lery, 2009 ). The differentiated group corresponds to more alkaline bulk compositions and defines a differentiation trend from basalt to mugearite, controlled by dynamic crystallization of a gabbroic assemblage involving substantial clinopyroxene removal (Albarè de et al., 1997) . These differentiated lavas are present only in the early history of Piton de la Fournaise (ancient shield). PUBs from Piton de la Fournaise belong to this group.
Unlike Piton des Neiges, Piton de la Fournaise seems to display an inverse evolution compared with the typical Hawaiian model of growth (Peterson & Moore, 1987; Clague & Sherrod, 2014) . At Piton de la Fournaise, the older lavas are more alkalic and differentiated compared with the younger transitional basaltic lavas of the Oceanitic Series (Fig. 1c) . To account for this, some researchers (e.g. Smietana, 2011; Lé nat et al., 2012) have suggested that the Differentiated Series at the base of Piton de la Fournaise edifice (with an estimated age between 560 and $450 ka; i.e. about 200 kyr older than the beginning of the Differentiated Series at Piton des Neiges) belong to another volcanic centre, the Les Alizé s volcano (also called Proto-Fournaise), whose existence has been proposed previously based on the interpretation of geophysical and drill-hole data (e.g. Lerebour, 1987; Ranc¸on et al., 1989; Malengreau, 1995; Lé nat et al., 2001) . The Les Alizé s volcano is thought to have been active during the early stage of island building (Lé nat et al., 2012) . Following Gailler & Lé nat (2010) , its volcanic activity could have taken place during both the Brunhes and Matuyama (and possibly older) magnetic periods, contemporaneously with that of Piton des Neiges.
The plagioclase-ultraphyric basalts (PUBs) of La Ré union At La Ré union, plagioclase-ultraphyric basalts correspond to basaltic flows rich in prominent crystals of calcic plagioclase (>15 vol. %, up to 1 cm in size), which confer a white speckled appearance to the rocks. Because of their appearance in hand specimen (dark grey with white spots; Fig. 3 ), the PUBs are known locally as Roches Pintades (Guinea-Fowl rocks).
Discrete periods of PUB eruption have been identified on La Ré union (Fig. 1c) . They represent key horizons in the field, and are commonly associated with aphyric basalts, hawaiites and mugearites. At Piton des Neiges, Upton & Wadsworth (1965 , 1972a ) described these volumetrically dominant lava facies at the beginning of the Differentiated Series. Those researchers highlighted that they seem to mark an abrupt transition after the eruption of the Oceanitic Series olivine basalts (i.e. of the shield-building stage). Kluska (1997) recognized two periods for the production of PUBs at Piton des Neiges (Fig. 1c) : between about 340 and 250 ka, at the transition between the oceanitic and differentiated stages of the volcano (Phase III of Billard, 1974) , and between about 140 and 100 ka (Phase IV of Billard, 1974) , after the quiescent phase that followed the explosive ignimbrite sequence dated at 180 ka (Gillot & Nativel, 1982; Kieffer, 1990) , and before the last eruptive phase (70-29 ka, Kluska, 1997) .
The PUBs of Piton de la Fournaise (or Les Alizé s volcano, as mentioned above) are older than those of Piton des Neiges. They correspond to the oldest on-land outcropping PUB lava flows. They appear at the base of the subaerial edifice (ancient shield), forming a unit whose base has been dated at about 530 ka (Gillot & Nativel, 1989) , with an estimated age of 450-400 ka for its upper limit (Merle et al., 2010; Lé nat et al., 2012; Fig. 1c) . Plagioclase is rather rare as a phenocryst phase in Piton de la Fournaise lavas younger than 400 ka, which are essentially olivine basalts with olivine as the main phenocryst phase. However, micro-phenocrysts of , whole-rocks and groundmasses] with whole-rock data from Piton des Neiges and Piton de la Fournaise (in colors). Green arrow: olivine accumulation trend; orange and blue arrows: evolution trends for the differentiated group and the abnormal group, respectively. Green symbols: historical lavas, data from Upton & Wadsworth (1972a) , Sobolev & Nikogosian (1994) and Vlasté lic et al. (2005 Vlasté lic et al. ( , 2007 . Orange symbols: data from Upton & Wadsworth (1972a) , Albarè de et al. (1997) , Fretzdorff et al. (2000) and Smietana (2011) . Blue symbols: data from the adventive cones (B.G.J Upton, N. Odling unpublished data; figure modified from Lé nat et al., 2012).
plagioclase have been reported from some lava flows of the recent shield (Bachè lery, 1981) and for the historical period (1640 to the present) of activity (Boivin & Bachè lery, 2009 ). For example, the 2008 eruptive products show an increase in plagioclase content, which results from crystallization at shallow depths (2Á5-3Á2 km) below the summit of the volcano of a slightly evolved magma ($6Á3 wt % MgO) with a moderate dissolved (0Á8-0Á6 wt %) water content (Di Muro et al., 2015) . In these recent shield lavas, plagioclase microphenocrysts are less than 1 mm in size and their abundance never exceeds 10%. They are euhedral with a tabular habit, weakly zoned, and not deformed. In this respect, they differ greatly from the plagioclase crystals found in the PUBs. Owing to the occurrence of the PUBs at specific periods during the past evolution of the volcanoes of La Ré union, we infer that PUB formation requires magmatic conditions that are very different from those usually prevailing during the generation of primitive shield basalts on La Ré union.
SAMPLING AND ROCK DESCRIPTIONS
Six characteristic PUB samples were selected for this study: PE2, HEN1, GP3 and PdN10 from Piton des Neiges, and LeBloc and RR30 from Piton de la Fournaise volcano. PE2 and LeBloc were sampled during 2013 by the authors, whereas HEN1 and GP3 (Boujibar, 2009 ) and PdN10 and RR30 (Smietana, 2011) were collected previously (see Supplementary Data Electronic Appendix 1 for precise locations; supplementary data are available for downloading at http://www. petrology.oxfordjournals.org).
PUBs display porphyritic to ultra-porphyritic textures. They usually contain between 15 and 35 vol. % prismatic calcic plagioclase macrocrysts. In some samples, clinopyroxene (augite) and olivine macrocrysts (<5% modal) accompany plagioclase. Opaque minerals (Fe-Ti oxides) are ubiquitous as small phenocrysts (up to 300 mm in diameter). All the macrocrysts (>200 mm and up to 1 cm in size) and glomerocrysts (aggregates of clustered crystals) are set in a fine-grained groundmass containing plagioclase (>50 vol. % modal), augite, Fe-Ti oxides, 6 olivine. Glomerocrysts of large ($1 mm) crystals of plagioclase are very common. Clusters of plagioclase and clinopyroxene (often with Fe-Ti oxides), or plagioclase þ clinopyroxene þ olivine also occur. No clear difference exists between the PUBs from the two volcanoes in regard to the composition and texture of the plagioclase crystals, the whole-rock chemical composition, or phase mode (Smietana, 2011 ; Table 1 ).
Plagioclase crystals larger than 0Á2 mm and/or portions of them (e.g the core versus the rim), may be either phenocrysts (crystals grown in situ from the host magma) or antecrysts (crystals derived from a genetically related older magma). Following Neave et al. (2014) , we choose to use here the non-genetic term 'macrocryst' to refer to these crystals.
METHODS

Whole-rock analyses
Among the six PUB samples selected for the study, four (HEN1, GP3, PdN10, RR30) have been previously analysed for their major elements by Boujibar (2009) and Smietana (2011) . Additional major element data for samples LeBloc (Piton de la Fournaise) and PE2 (Piton des Neiges) were obtained during this study by inductively coupled plasma atomic emission spectrometry (ULTIMA C ICP-AES) at the Laboratoire Magmas et Volcans (LMV, Clermont-Ferrand, France) . The basaltic standard BHVO-1 was repeatedly measured and the estimated analytical error was $1% for all oxides, except Fe 2 O 3 and Na 2 O ($3%), TiO 2 , MnO and P 2 O 5 (<5%), and K 2 O ($10%) [see procedures of Cantagrel & Pin (1994) and Murray et al. (2000) ].
Mineral, melt inclusion and groundmass analyses Mineral analyses
Mineral analyses were carried out on a Cameca SX100 electron microprobe at LMV, (Clermont-Ferrand, France). A 15 keV accelerating voltage and a 15 nA current were used for the mineral analyses, with the counting time set at 10 s for all elements, Na and K were measured first. Synthetic and natural mineral standards were used for calibration. The analytical uncertainty (1r) is 1-2% for major elements. Profiles of elemental concentrations in plagioclase (Supplementary Data) were also obtained on the Cameca SX-100 electron microprobe under the same conditions.
Homogenization of the melt inclusions
The samples were first crushed and the 0Á5-2 mm fractions containing plagioclase crystals were separated. The plagioclases were then studied under a microscope. Only unaltered crystals containing euhedral inclusions >20 mm, far from possible fractures within the crystal and from the crystal edges, were selected. Eighteen crystallized inclusions (from 14 plagioclase crystals; see Supplementary Data Electronic Appendix 2) were experimentally heated to reverse post-entrapment processes (e.g. precipitation of daughter minerals, Fig. 4a ) that occurred during cooling and restore the initial melt compositions. The experiments were performed at the LMV (Clermont-Ferrand, France) using a high-temperature, 1 atm Vernadsky-type heating-quenching stage attached to a petrographic microscope, which allows monitoring by in situ observation (Sobolev et al., 1980; Schiano, 2003) (Fig. 4b-e ). Experiments were conducted at 1 atm, under an oxygen fugacity kept at around 10 -9 -10 -10 atm with He purified with Zr at 700 C, to avoid oxidation of the host and to ensure an efficient quench. The experimental conditions were a heating rate of $100 C min -1 up to $1000 C (Fig. 4b) , then a heating rate of $8 C min -1 after the beginning of melting of the daughter minerals ( Fig. 4c) , for an average duration of 50 min. Most Hen1, PdN10, PE2 and GP3 samples are from Piton des Neiges volcano. LeBloc and RR30 samples are from Piton de la Fournaise volcano. The modal percentage of plagioclase macrocrysts was quantified using the ImageJ program. It should be noted that a crystal can fit into more than one category. A zoned crystal can also be broken and/or show resorption marks and/or patchy or sieve texture. shrinkage gas bubbles did not disappear during the runs, even at the highest temperatures ( Fig. 4d and e) . The experiments were thus extended up to the temperature at which the last daughter mineral disappeared. This was between 1150 and 1200 C, which thus represents a minimum estimate of the melt inclusion homogenization temperature. After quenching and polishing, some heated plagioclase crystals containing glassy melt inclusions exposed at the surface were analysed by scanning electron microscopy (SEM) to check the homogeneity of the glass after melting of all daughter minerals. SEM analyses were carried out at LMV on a JEOL 5910LV equipped with an X-ray analyser (Princeton GammaTech) operating in energy-dispersive mode (EDS).
Electron microprobe analyses of melt inclusions
Major element compositions of the heated melt inclusions were analysed by electron microprobe (Cameca SX100) at LMV (Clermont-Ferrand, France), together with their host plagioclases. Analytical procedures for melt inclusions are similar to those detailed by Sorbadè re et al. (2011) . Typical analytical uncertainties (2r) obtained from replicate measurements of the basaltic glass standards VG-A99 (Jarosewich et al., 1979) were $28% for MnO, $11% for P 2 O 5 , <5% for Na 2 O, <3% for Fe, and 2% for the other oxides (<1% for SiO 2 and CaO). Several points of analysis were carried out for each melt inclusion and host mineral. Typical analytical uncertainties obtained from replicate measurements performed inside a single melt inclusion were less than 0Á5 wt %, thereby demonstrating the homogeneity of the heated inclusions.
LA-ICP-MS analyses of melt inclusions
Trace elements in 15 heated melt inclusions were analysed by laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS) using a 193 nm ArF excimer laser coupled to an Agilent 7500 inductively coupled plasma mass spectrometer (LMV, ClermontFerrand, France). Analytical procedures are similar to those detailed by Sorbadè re et al. (2011) . CaO was used as the internal element reference, and an interlaboratory check was performed on NIST 610, NIST 612 (Gagnon et al., 2008) and BCR-2G glass standards. Typical analytical errors are less than 10%.
Electron microprobe analyses of groundmasses
The major element compositions of the groundmass were also determined for five samples (HEN1, PE2, GP3, PdN10 and LeBloc) on the Cameca SX-100 electron microprobe at LMV. Back-scattered electron (BSE) images of the samples were first obtained on thin sections (four images of 350 mm Â 300 mm per thin section) to assess the groundmass homogeneity in terms of mineral proportions over the total volume of groundmass. The mineral phases were identified using the multiple selection tools of Adobe Photoshop V R , and the relative fraction of the phases was quantified using ImageJ software (W. Rasband, NIH, USA; http://imagej. nih.gov/ij). Then, the major element composition of the mineral phases was analysed over 400 mm Â 400 mm (1 mm per pixel) X-ray maps of thin sections (one map per sample), with a beam current of 40 nA and counting times of 20 ms per pixel (Fig. 5) .
RESULTS
Whole-rock compositions
Major element compositions are given in Fig. 2 and Supplementary Data Electronic Appendix 3. Bulk-rocks are alkaline or slightly alkaline basalts and trachybasalts (hawaiites). They display a limited range of major element compositions, with 46Á34-49Á45 wt % SiO 2 , 2Á93-4Á16 wt % MgO, 8Á07-11Á69 wt % FeO total and 9Á33-12Á12 wt % CaO. The concentration of alkalis (Na 2 O þ K 2 O) varies between 3Á04 and 5Á53 wt %. H 2 O contents are very low, with loss on ignition (LOI) between -0Á01 and -0Á12 wt %.
Mineral textures and compositions
Plagioclase macrocrysts are generally 0Á2-5 mm in size, but range up to 1 cm. Some samples preserve complex petrographic features ( Fig. 6 (Kluska, 1997; Boujibar, 2009; Smietana, 2011) . The thin rims (tens of micrometres; see Fig. 6a -e) correspond to overgrowths, with compositions similar to those of the microlites found in the groundmass (Supplementary Data Electronic Appendix 4). They mark an abrupt compositional discontinuity with the core of the macrocryst (see profiles in Supplementary Data Electronic Appendix 4). These thin outer rims typically include small inclusions of augite and oxides, and are delineated by an irregular margin (see examples in Fig. 6a and d) .
More than 95% of the plagioclase macrocrysts exhibit textures (Table 1) such as concentric oscillatory zoning, dissolution surfaces, and patchy and sieve textures ( Fig. 6a-d) . Moreover, many of the macrocrysts are fractured (Fig. 6e and f) or deformed (deformation twins and sigmoidal veins) (Fig. 6g) . The fractures may affect single crystals or several crystals in a glomerocryst. Ophitic intergrowths and poikilitic textures with clinopyroxene containing inclusions of plagioclase are scarce (Fig. 6h) . Most of the macrocrysts contain primary melt inclusions outlining the zones of crystal growth. In some cases, crystal cores show patchy zoning or sieve textures with cryptocrystalline or partially crystallized melt inclusions located in the core.
An average composition for each plagioclase macrocryst hosting the studied melt inclusions was obtained close to the studied inclusion (see Supplementary Data Electronic Appendix 2), and the An content was typically found to be homogeneous to within 5% An for each crystal. The analysed plagioclases show average An (mol %) contents varying from 71Á7 to 84Á2, which correspond to the values most commonly measured among all of these crystals. It should be noted that the most calcic plagioclase crystals (up to An 88 ) described by Kluska (1997) , Boujibar (2009) and Smietana (2011) have not been identified in this study.
Plagioclase-hosted melt inclusion compositions Major elements
The average compositions of the melt inclusions are shown in Table 2 . Their compositions vary from 45Á71 to 47Á99 wt % SiO 2 , 2Á91 to 6Á32 wt % MgO, 8Á50 to 13Á69 wt % FeO t , 9Á18 to 12Á33 wt % CaO, 1Á36 to 6Á17 wt % Na 2 O and 0Á56 to 1Á56 wt % K 2 O. As illustrated in the binary diagrams of Fig. 7 , a single trend emerges for the major element variations in the melt inclusions from both volcanoes.
Trace elements
The data are reported in Table 2 . Melt inclusions from the two volcanoes show parallel primitive mantlenormalized trace element patterns (Fig. 8) , but some samples from Piton des Neiges have higher concentrations of incompatible elements relative to those of Piton de la Fournaise, which underline their slightly more evolved character. Trace element patterns of the inclusions are typical of ocean island basalts (OIB); that is, they are enriched in light rare earth elements (LREE) and large ion lithophile elements (LILE) and depleted in heavy REE (HREE). They are also characterized by negative Pb anomalies (except PdN10-c2 MI and RR30-c4 MI2), and some of them display a positive Sr anomaly, whereas no Eu and Ba anomalies are observed. Comparison between the trace element patterns for plagioclase and melt inclusions indicates that a slight contamination in Sr by the host may account for some of the compositional features of the melt inclusions. This is consistent with the results of Blundy & Wood (1991) , who showed that Ba is less compatible than Sr in An-rich plagioclase. The Sr content in the analysed plagioclase crystals is on average twice that of the melt inclusions, whereas Ba and Eu are more concentrated in the melt inclusions than in the plagioclase crystals.
Groundmass compositions
Average modal proportions in the groundmass are 70Á6% plagioclase, 20Á1% clinopyroxene, 6Á3% Fe-Ti oxides and 3Á3% olivine. The major element compositions of the groundmasses, obtained by X-ray mapping, are given in Supplementary Data Electronic Appendix 5. Groundmasses display composition ranges of 47Á85-52Á38 wt % SiO 2 , 2Á85-4Á33 wt % MgO, 7Á36-11Á03 wt % FeO total, 7Á40-10Á63 wt % CaO and 4Á20-7Á64 wt % of alkali content (Na 2 O þ K 2 O). They thus appear broadly more differentiated than the wholerocks.
Whole-rock and groundmass compositions for the six PUB samples plot along the trend of the Differentiated Series defined by Albarè de et al. (1997) for the La Ré union lavas ( Fig. 2a and b) . Plagioclasehosted melt inclusions plot close to whole-rocks and groundmasses in the CaO/Al 2 O 3 vs MgO diagram Average composition for melt inclusions. Number of analyses (n) per melt inclusion: n ¼ 2, and n ¼ 3 for PdN10-c5, GP3-c2 and GP3-c3 MI (60Á2 wt % maximum, except 60Á5 wt % maximum for SiO 2 ). FeO(t) is total iron.
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Anorthite content of the host plagioclase.
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Measurements are calibrated against NIST610 glass standard, using CaO as the internal element reference (Gagnon et al., 2008) . HEN1-c1 MI, RR30-c1 MI2 and RR30-c3 MI were not analysed because of the small size of their polished surface (usually < 10 mm diameter).
( Fig. 2b ), but define a distinct trend in the total alkalissilica diagram (Fig. 2a) , towards the alkaline field.
DISCUSSION
Inferences from PUB plagioclase macrocrysts The inherited character of plagioclase macrocrysts in the PUBs
The variety of plagioclase crystal morphologies, omnipresence of fracturing, and evidence of disequilibrium (dissolution surfaces, patchy and sieve textures) within single samples are clear indications of a complex magmatic history that includes multiple stages of growth and resorption. The most common habit of the plagioclase macrocrysts (low width/length ratio) indicates that they have grown, at least in part, in a low chemical potential gradient and probably under a low cooling rate (Higgins, 2006; Higgins & Chandrasekharam, 2007) . Considering a crystal growth rate of 10 À10 to 10 À11 cm s -1 in such conditions (Cashman, 1993) , the residence time of the magma can be roughly estimated to a few decades.
A great majority of the plagioclase macrocrysts are characterized by oscillatory zoning (>90%; see Table 1 ). Oscillatory zoning in plagioclase indicates that the crystallization occurs close to equilibrium conditions and has been ascribed to kinetic controls during plagioclase growth when minor variations in An% are observed (Ginibre et al., 2002) . Core-to-rim chemical profiles obtained for some plagioclase crystals (see Supplementary Data Electronic Appendix 4) show dominant short wavelength and limited An variations (less than 10%, if we except the outermost 100 mm), sometimes disturbed by minor episodes of dissolution. These small-scale and rapid changes in composition and texture probably reflect changes in physical and/or chemical conditions, including water content in the melt, in a magmatic reservoir not strongly affected by significant convective movements.
Abrupt textural and compositional changes (see PdN10 in Fig. 6c and Supplementary Data Electronic Appendix 4) may be ascribed to large compositional or temperature changes inducing crystal growth under undercooling conditions, and partial dissolution (resorption) after recharge of the magmatic system (involving magma mixing), or internal crystal-melt differential movements potentially driven by turbulent convection in the magma body or the gravitational collapse of a gabbroic mush in a chemically zoned reservoir (see Ginibre et al., 2002 Ginibre et al., , 2007 Hellevang & Pedersen, 2008; Streck, 2008 ; and references herein).
Sieve and patchy textures ( Fig. 6b and d) , generally affecting the core, accompany zoning in some crystals. These textures are interpreted as resulting from rapid skeletal growth under strong undercooling (Kuo & Kirpatrick, 1982) , magma mixing (Dungan & Rhodes, 1978) or rapid decompression induced by rapid ascent of the magma (Vance, 1995; Nelson & Montana, 1992) . Whatever the origin of the sieved and patchy textures or zoning, these crystals have clearly undergone complex magmatic histories that vary from one crystal to another.
Moreover, fractured or deformed plagioclase macrocrysts are also common in these ultra-phyric lavas (see Table 1 and Fig. 6 ). The presence of magmatic, crystalplastic, and brittle deformation features such as deformation twins and sigmoidal veins, or fractures, reflect solid-state deformation after growth of the crystals. In a crystal-rich magma, breakage, deformation and even dissolution of plagioclase crystals could occur by either viscous shear or viscous heating (Rosi et al., 2004) . These textures also indicate that at least part of the history of some plagioclase crystals took place in a consolidated aggregate. The presence of plagioclase glomerocrysts and poly-crystalline gabbroic fragments composed of plagioclase and clinopyroxene (6 olivine) aggregates in the PUBs suggests that the macrocrysts may be derived through mechanical disaggregation of gabbroic and anorthositic cumulates.
The large variety of textures of plagioclase macrocrysts coexisting within a single sample reflects the inherited nature of these crystals. The above-mentioned processes inferred from these textures, such as turbulent convection, magma replenishment and mixing, or gravitational collapse or desegregation of a gabbroic mush, must occur before the integration of the crystals into the carrying melt. This integration might occur shortly before the eruption, considering the very thin overgrowth rims observed around most fractured or rounded plagioclase crystals (see Fig. 6 ). The growth of these rims corresponds to late crystallization of plagioclase and was a response to new conditions of equilibrium, close to those that prevailed during the crystallization of the groundmass, as shown by the interface between the rims and the crystals of the groundmass. Considering a maximum rim size of 100 mm and growth rates for plagioclase between 10 -6 and 10 -7 cm s -1 , values commonly accepted at high undercooling (conditions for the groundmass crystallization; Hellevang & Pedersen, 2008; Agostini et al., 2013) , the timescale between the incorporation of the plagioclase macrocrysts in the host melt and the eruption can be estimated to be less than 2 days.
The presence of such large quantities of plagioclase macrocrysts in basic rocks suggests that they had an accumulative origin (Cullen et al., 1989; Le Roex et al., 1996; Hansen & Grö nvold, 2000; Higgins & Chandrasekharam, 2007; Hellevang & Petersen, 2008; Lange et al., 2013; Neave et al., 2014) . Whole-rocks are offset towards the plagioclase composition, thus providing further support for an origin involving crystal accumulation (Fig. 9) . We therefore conclude that the PUBs are accumulative rocks, with a proportion of accumulative plagioclase ranging from 15 to 35 vol. % (see Fig. 9 ), in agreement with the modal analysis. Similar situations have been reported in different contexts where plagioclase crystals in PUBs seem to be in disequilibrium with the melts in which they are carried (Cullen et al., 1989; Hansen & Grö nvold, 2000) .
The nature of the parental liquids of the plagioclase macrocrysts
As their thermal retraction bubble did not disappear during the heating runs, plagioclase-hosted melt inclusions were heated to the temperature of disappearance of the last daughter mineral, referred to as T max , which represents a minimum estimate for inclusion entrapment. T max varies from 1150 to 1200 C. The persistence of the bubbles during heating reflects the fact that either they have high CO 2 contents or, more probably, that the Table 1 ).
inclusions do not behave as ideal isochoric systems during heating (Schiano, 2003) . Because of the inelastic behaviour of the host phase, the difference between the initial pressure of entrapment and the internal pressure of the inclusions at high temperature prevents complete homogenization (Schiano & Bourdon, 1999) .
When compared with whole-rock data from La Ré union, the homogenized melt inclusions trapped in plagioclase crystals plot along the differentiation trend defined by the lavas of the Differentiated Series in a CaO/Al 2 O 3 versus MgO diagram (Fig. 2b) , but show a larger variability in composition in terms of alkali content, compared with the lavas (Fig. 2a) . Some melt inclusions lie within the basanite field. Such variations in the alkali content suggest that the melt inclusions can sample liquids from a range of partial melting degrees. Smaller melting degrees are consistent with the enrichment in incompatible elements shown in the normalized trace element patterns of the melt inclusions (see Fig. 8 ). According to Albarè de et al. (1997) , lavas from the Differentiated Series result from extensive crystallization of clinopyroxene at high pressure (>9 kbar). However, considering the evolution trend defined by the melt inclusions (Fig. 10) , plagioclase also appears involved in the fractionation process with clinopyroxene. MELTS fractional crystallization calculations (Ghiorso & Sack, 1995; Asimow & Ghiorso, 1998) were performed to determine the role of the different mineral phases, crystallizing from the Mg-rich melt inclusion of this study (RR30-c3 MI; see Table 2 ) as starting composition (Table 3 ). The results show that, in addition to clinopyroxene, plagioclase appears around 1180-1200 C (i.e. at temperatures in agreement with the T max obtained for the melt inclusions) for pressures between 1 bar and 9 kbar, under anhydrous conditions. Olivine does not appear, even from the most primitive (i.e. most Mg-rich) melt inclusion. Naturally, we cannot exclude the possibility of previous olivine fractionation if considering a differentiation process from more primitive melts than RR30-c3 MI. It should be noted that the anorthite content of the crystals does not correspond to that of the host plagioclase of the RR30-c3 MI (An 83Á8 ), suggesting that the MELTS calculations do not perfectly reproduce the magmatic conditions for the formation of such anorthitic crystals. Water contents can be estimated using plagioclase-melt equilibrium (Putirka, 2008) . The results indicate that the water content for RR30-c3 MI is below 0Á1 wt % for pressures lower than 2 kbar, 0Á5 wt % at 5 kbar and 0Á9 wt % at 9 kbar. Under such conditions, MELTS calculations indicate that clinopyroxene and plagioclase remain the main crystallizing phases at pressures below 5 kbar. Plagioclase appears around the same range of temperatures as for anhydrous conditions, except for the highest pressures (>2 kbar), which lowers the temperature (e.g. 100 C at 7 kbar) of plagioclase appearance (Table 3 ). Water contents of the melt do not significantly change the anorthite content of the plagioclase, except at high pressures (7 and 9 kbar) when plagioclase crystallizes at lower liquidus temperatures together with clinopyroxene and spinel.
Primitive mantle-normalized trace element patterns for the melt inclusions from the two volcanoes of La Ré union are very similar (Fig. 8) , suggesting a chemically homogeneous source. They require relatively low degrees of melting of a mantle source enriched in incompatible elements relative to depleted mid-ocean ridge basalt (MORB) mantle, and display geochemical features that are typical of plume-derived OIB. Their high LREE/HREE ratios could indicate that garnet was a residual phase during melting. Despite the inherited character of the macrocrysts, the linear melt inclusion data array extrapolates through the origin if we consider variation diagrams of highly incompatible elements, in agreement with what is expected during fractional crystallization of a cogenetic suite of melts (Fig. 11) . In addition, the close similarity of all the trapped melts to aphyric basalt compositions from La Ré union (Smietana, 2011) and recent cotectic basalts from the Piton de la Fournaise 2006 eruption (Vlasté lic et al., 2007; Fig. 11 ) raises the question of a compositionally homogeneous source for all these magmas. The normalized trace element patterns all display negative Pb anomalies, but the aphyric and cotectic wholerocks, which do not contain accumulated plagioclase, do not show positive Sr anomalies. These results are consistent with a homogeneous nature of the source of La Ré union plume through time, as previously suggested on the basis of Sr, Nd and Pb isotope systematics (e.g. Fisk et al., 1988; Luais, 2004; Bosch et al., 2008; Vlasté lic & Pietruszka, 2016) . The homogeneous character of the source can be found in melt inclusions trapped in plagioclase crystals that differ in their textures. This implies that magmatic processes that operate within the volcano or during magma transfer to the surface do not significantly change this geochemical signature.
Petrogenetic models for the PUBs from La Ré union
The formation of La Ré union PUBs is a matter of longstanding debate. Upton & Wadsworth (1972a) proposed that Piton des Neiges PUBs were enriched in plagioclase crystals by a process of sinking within the differentiated magma columns. Alternatively, Kluska (1997) proposed that the PUB eruptions signify prolonged periods of magma residence in a deep reservoir, and suggested that the porphyritic facies was acquired by mineral segregation and flotation controlled by lithostatic pressure. A xenocrystic origin for the plagioclase macrocrysts of La Ré union PUBs, as fragments of disrupted gabbros (Albarè de et al., 1997) or from a gabbroic mush at the edges of the magma chamber (Smietana, 2011) , has also been considered. Below, we Ghiorso & Sack (1995) and Asimow & Ghiorso (1998) .
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The starting composition corresponds to the RR30-c3 MI composition (see Table 1 ): 47Á89 wt % SiO 2 ; 3Á58 wt % TiO 2 ; 13Á89 wt % Al 2 O 3 ; 13Á69 wt % FeO total ; 0Á24 wt % MnO; 6Á32 wt % MgO; 11Á05 wt % CaO; 1Á36 wt % Na 2 O; 0Á56 wt % K 2 O; 0Á13 wt % P 2 O 5 . Buffer of oxygen fugacity: QFM (quartz-fayalite-magnetite) þ 3.
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In order of crystallization. Orthopyroxene was excluded from the possible crystallizing phases because it is not observed in the volcanic rocks of La Ré union.
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Anorthite content (%) of the feldspar formed at liquidus temperature of plagioclase. It should be noted that the anorthite contents are not high enough to correspond to the host plagioclase of the RR30-c3 MI (An 83Á8 ).
5
Density of the liquid and solid phases obtained by MELTS calculations (in g cm -3 ). Density of spinel and rhombohedral oxide (not shown) is always greater than 4Á65 g cm -3
. 6 Liquidus temperature of plagioclase.
7
Water content of the initial melt for each pressure is calculated using the hygrometer of Putirka (2008): 0 wt % at 1 and 250 bar, 0Á01 wt % at 500 bar, 0Á06 wt % at 1000 bar, 0Á2 wt % at 2000 bar, 0Á5 wt % at 5000 bar, 0Á7 wt % at 7000 bar and 0Á9 wt % at 9000 bar. Abbreviations: Cpx, clinopyroxene; Plg, plagioclase; Liq, liquid; Sp, spinel; Ox, rhombohedral oxide.
evaluate the various models for the origin of La Ré union PUBs, with particular emphasis on the process of plagioclase crystal accumulation, in the light of our new textural and geochemical data.
Our results suggest not only that the plagioclase macrocrysts in the studied PUB samples are inherited, but also that they were included in the carrying magma shortly before the magma reached the surface. We can thus reasonably approximate the carrying magma composition as that of the PUB groundmass, which is close (e.g. comparable CaO/Al 2 O 3 , FeO/MgO and La/Sm ratios) to the spatially associated aphyric basalts from Piton de la Fournaise (Albarè de et al., 1997) and Piton des Neiges (Kluska, 1997) . This suggests a genetic link between the aphyric basalts and the PUB host lavas, in agreement with recent models for the formation of PUB at mid-ocean ridges (Lange et al., 2013) . The contemporaneous aphyric basalts represent the same liquid as the groundmass of the PUB host lavas (this study) or glasses (Lange et al., 2013 ; MORB case study).
Disruption of gabbroic cumulates
Plagioclase-rich glomerocrysts and deformed or completely fractured plagioclase crystals in the PUBs are features that provide additional important constraints.
Glomerocrysts comprise: (1) plagioclase alone; (2) plagioclase þ clinopyroxene 6 Fe-Ti oxides; (3) plagioclase þ clinopyroxene þ olivine 6 Fe-Ti oxides. The most likely hypothesis is that they represent disrupted anorthositic and gabbroic material from crystal mush bodies and/or fully crystallized (anorthositic) gabbro, and were entrained as fragments by the ascending basaltic magmas to form the PUBs. This is consistent with the 'volcanic cannibalism' model proposed by Albarè de et al. (1997) for the geochemical and petrological properties of the Piton de la Fournaise lavas, or with the model proposed by Lange et al. (2013) for PUBs at mid-ocean ridges. Smietana (2011) argued that such a gabbroic mush is formed at the edges of a shallow and evolved magma chamber, where low pressure induces preferential crystallization of clinopyroxene and plagioclase. This differs from the current behaviour of Piton de la Fournaise, which is characterized by abundant crystallization of olivine at low pressure (Boivin & Bachè lery, 2009; Famin et al., 2009) .
Anorthosites are rather uncommon among La Ré union volcanic products, whereas gabbro and olivine gabbro are somewhat more abundant (Upton & Wadsworth, 1972b; Augé et al., 1989; Upton et al., 2000) . Therefore, the formation of PUBs at specific stages in the volcano's history (e.g. the transition between the primitive shield series and the Differentiated Series on Piton des Neiges) implies particular conditions prevailing during magma storage and evolution and not just the mobilization of a crystalline mush.
Crystallization of the plagioclase macrocrysts
The recent activity of Piton de la Fournaise and the Oceanite Series of Piton des Neiges is mainly characterized by the production of aphyric basalts and olivine basalts. Plagioclase crystallization is almost not considered for the magmatic evolution of the current Piton de la Fournaise lavas (e.g. Boivin & Bachè lery, 2009) , except for some specific eruptions that follow an unusual phase of quiescence like the one of 1998, or correspond to episodes of low-rate activity as in the 2008 eruptions (Di Muro et al., 2015) . Although less well documented, plagioclase crystallization is also probably of minor importance for the main period of construction of Piton des Neiges (Oceanite Series; Upton & Wadsworth, 1972a) . PUBs were formed during periods where the two volcanoes produced predominantly olivine-poor magmas belonging to the Differentiated Series. Albarè de et al. (1997) proposed that these series correspond to a magmatic evolution controlled by massive crystallization of clinopyroxene at a pressure > 9 kbar (i.e. at a depth exceeding 30 km), which is consistent with the experimental results obtained by Fisk et al. (1988) . It should be noted, however, that the phase relationships presented by Fisk et al. (1988) apply to basaltic magmas with higher MgO concentrations than the parental liquids preserved in the melt inclusions (MgO < 6Á5 wt %), and that those experiments were conducted under water-free (Smietana, 2011) , aphyric basalts from oceanitic periods for the two La Ré union volcanoes (Smietana, 2011) , and cotectic basalts from the 2006 Piton de la Fournaise eruption (Vlasté lic et al., 2007). conditions. Other experimental studies performed on model diopside-anorthite or diopside-anorthiteforsterite systems (Yoder, 1969; Presnall et al., 1978) suggest that magmas with compositions similar to our melt inclusion compositions will preferentially crystallize clinopyroxene at high pressures, around 10 kbar, but under lower-pressure conditions, they crystallize abundant plagioclase relative to clinopyroxene. MELTS calculations performed on the most primitive melt inclusion composition (RR30-c3 MI) confirm that the relative crystallization of clinopyroxene and plagioclase is controlled by pressure (Table 3 ). Plagioclase appears as the liquidus phase below 2 kbar (at 1180-1190 C) and is followed by clinopyroxene during cooling under anhydrous conditions. Considering the water contents (between < 0Á1 and 0Á9 wt % for pressures ranging between 1 bar and 9 kbar) estimated in the previous section for RRc3-MI, clinopyroxene crystallization is favoured relative to plagioclase at pressures above 2 kbar. Below this pressure, plagioclase is the first liquidus phase.
Thus, although magmas with compositions similar to our melt inclusions could preferentially crystallize plagioclase relative to the other mineral phases, the experimental data indicate that plagioclase is always associated with pyroxene as the main phenocryst phase in the crystallization of these liquids. As these two mineral phases are not encountered in cotectic proportions in the PUBs, a process of selective plagioclase enrichment is required to generate PUB lithologies.
Segregation of plagioclase crystals by density contrast
Among the various models for plagioclase-phyric basalt formation in ocean islands (e.g. Cullen et al., 1989; Hansen & Grö nvold, 2000; Annell et al., 2007; Halldorsson et al., 2008; Neave et al., 2014) , it is often proposed that plagioclase crystals accumulate by flotation during replenishment of shallow-level, crystal-rich magma chambers during periods of reduced magmatic activity (e.g. Cullen et al., 1989; Annell et al., 2007) and are transported in an evolved, high-density melt. In addition, experimental studies have established that An 85 plagioclase becomes buoyant in a basaltic liquid above 5 kbar (Campbell et al., 1978; Kushiro, 1978; Stolper et al., 1981) .
Liquid and mineral phase densities were calculated using the MELTS algorithm for pressures between 1 bar and 9 kbar, considering the Mg-rich RR30-c3 MI composition as representative of the liquid (Table 3) . When comparing the calculated densities for the two solid phases (plagioclase and clinopyroxene) and the RR30-c3 MI composition, the results indicate that, at plagioclase liquidus temperature, separation of plagioclase crystals from clinopyroxene crystals must occur by flotation for all pressures under anhydrous conditions, as the melts are always less dense than clinopyroxene and denser than plagioclase (Table 3) .
Melt density decreases with dissolved water content. For the water contents estimated for the RR30-c3 MI composition, melt density could decrease by 0Á5 g cm -3 relative to dry conditions at high pressure (at liquidus temperatures), whereas solid phase densities would not be significantly affected (Table 3) . Hence, in hydrous conditions, segregation of plagioclase crystals by flotation still occurs, except at pressures above and equal to 5 kbar (i.e. for water contents ! 0Á5 wt%), at the plagioclase liquidus temperatures. It should be noted that the density contrasts drastically change with cooling, under all conditions, which means that temperature must be relatively stable or does not significantly decrease in the reservoir.
To generate plagioclase-enriched basalts, the residence time of the magma in the reservoir has to be long enough, or the segregation rate fast enough, to efficiently segregate the mineral phases within the magma, especially plagioclase. Approximate rates of settling or rising of the minerals can be obtained using Stokes' law. Minimum rates for pressures between 1 bar and 9 kbar were calculated using the RR30-c3 MI composition. Crystal sizes used were 5 mm in diameter for plagioclase and 1-2 mm for clinopyroxene. The viscosity of the melt was obtained using MELTS. At temperatures between 1180 and 1200 C, the viscosity varies between 19Á5 Pa s (2 kbar) and 851 Pa s (9 kbar). For pressures between 1 bar and 5 kbar, the viscosity has an average value of 26Á5 Pa s, which is consistent with that of recent Piton de la Fournaise lavas (Villeneuve et al., 2008) . Under dry conditions, the segregation efficiency of plagioclase is a maximum at a pressure of around 2 kbar, with a rise rate of 27Á6 cm h -1 (Fig. 12) . Although the viscosity of the liquid decreases under hydrous conditions, the density contrast between liquid and solid phases decreases with increasing water content: the rising rate of plagioclase is a maximum at 1 kbar (21Á11 cm h -1 , Fig. 12 ). It should be noted that segregation of plagioclase by flotation is always effective for all pressures below 7 kbar under anhydrous conditions, and below 5 kbar under hydrous conditions, resulting in an accumulation of crystals by flotation (Fig. 12) . Sinking of clinopyroxene is subordinate to plagioclase flotation.
Considering the vertical velocities obtained for the segregation of crystals, and in the absence of other dynamic processes such as magma convection, plagioclase and clinopyroxene crystals can separate at 4-7 m per day. Therefore, a short (months) residence time of the magma in a reservoir is enough to accumulate plagioclase crystals near the roof of the reservoir.
Decrease of magmatic production PUB eruptions are restricted to relatively quiescent periods of volcanic activity at La Ré union. At Piton des Neiges, these are (1) the beginning of the differentiated alkaline magmatism between 340 and 250 ka, and (2) during the differentiated stage, between 140 and 100 ka, after the quiet period following the ignimbrite eruption (Fig. 1c) . Hence, the occurrence of PUBs corresponds to periods that reflect a strong decrease in magma production, and therefore in volcanic activity, compared with the current activity of Piton de la Fournaise or the shield-building stage of Piton des Neiges. A similar relationship between the formation of PUBs and lower magma supply has also been proposed for Kerguelen Island (Annell et al., 2007) . The PUB lava flows, at both Piton des Neiges and Piton de la Fournaise, are commonly interspersed with nearly aphyric differentiated lavas (from basalt to mugearite) (Upton & Wadsworth, 1972a; Kluska, 1997) , suggesting that the PUB eruptions are repetitive events. Thus, the entrainment of abundant plagioclase crystals is not a continuous process, even during these periods.
The first unit with PUB lava flows at Piton des Neiges appears to be a response to a rapid (less than 100 kyr) and significant change in the magma storage and transport conditions. At Piton de la Fournaise, the formations below the PUB series are unknown, but PUBs predate a major change in magma supply (around 450-400 ka), as they precede the olivine basalt and oceanite series in which plagioclase is almost absent as a phenocryst phase.
As illustrated in Fig. 13 , we propose a multistage model for the generation of PUBs that consists of the following stages.
1. The crystallization of plagioclase and clinopyroxene from a slightly evolved liquid, favoured by a decrease in magma production. During magma Fig. 12 . Segregation velocities for solid phases from the RR30-c3 MI liquid composition, calculated using Stokes' law. Crystal sizes are 5 mm for plagioclase, and 2 and 1 mm for clinopyroxene. For each pressure, calculations are performed for anhydrous and wet conditions using the viscosities and densities (liquid and solid phases) obtained by using the MELTS algorithm, close to the liquidus temperature of plagioclase. It should be noted that plagioclase is the first and the only mineral phase at the liquidus for pressures below 2 kbar under wet conditions, and below 5 kbar in anhydrous conditions. Negative and positive velocities represent the settling and the flotation of the crystals, respectively.
storage, various dynamic processes, such as convection, magma replenishment and mixing, and gravitational movements, occur in a gabbroic crystal-mush developed at the compositionally and thermally zoned margins of the magma chamber and affect crystal growth. 2. Density contrasts allow plagioclase-clinopyroxene segregation, with plagioclase accumulation by flotation at the roof of the magma chamber forming an anorthositic mush enriched in cumulative plagioclase. 3. Lowering of porosity and crystallization of the interstitial liquid allow solidification of the crystal mush to form an anorthositic gabbro. Rare clinopyroxenes (see Fig. 6h ) and other minerals such as Fe-Ti oxides are interpreted as intercumulus crystals, as shown by the poikilitic texture of some pyroxenes. Plastic deformation and brittle fracturing can then intervene. 4. Remobilization of the crystal-mush and cumulate take place just before eruptions, possibly triggered by the input of a new batch of magma into the reservoir or by strong thermal or compositional instabilities. PUBs may result from the dismantling of this anorthositic mush.
Although the MELTS calculations did not allow us to reproduce the An 83Á8 plagioclase crystal from the crystallization of the RR30-c3 MI liquid (Table 3) , the highest anorthite contents are obtained for low-pressure conditions. This suggests that the reservoir is not located at deep levels. Considering higher water contents than those obtained from Putirka (2008) , plagioclase crystals with higher An contents can be formed. MELTS calculations show that a water content of 0Á5 wt % in the initial melt (RR30-c3 MI) at 250 bar (QFM þ 3 as oxygen fugacity buffer, where QFM is quartz-fayalite-magnetite buffer) allows the crystallization of An 82 plagioclase as the first liquidus phase (at 1140 C). However, higher water contents drastically decrease the liquid density, and thus preclude segregation of plagioclase crystals by flotation.
An 88 plagioclase cores have been found in some PUB samples by Smietana (2011) . In our case, the more magnesian melt inclusion (RR30-c3 MI), with a MgO content of 6Á32 wt %, was preserved in a An 83Á8 crystal. This suggests that the formation of more anorthitic crystals results from more magnesian parental magmas, possibly SSB-like liquids. However, as the current shallow reservoir (at sea level within the edifice) produces SSB-type magma but does not allow the crystallization of such quantities of calcic millimetre-sized plagioclase crystals, we deduce that the magmatic conditions must differ significantly from the present ones to produce the PUBs.
A decrease of magma production can lead to the closed-system evolution of a magma reservoir. If this reservoir is large enough, it can preserve stable thermal, near-liquidus conditions. This results in slow crystal growth rates, allowing the formation of millimetre-sized plagioclase crystals and their segregation by density contrast. It should be noted that water contents in the melt can also inhibit nucleation processes and thus promote crystal growth by diffusion.
Insights from PUB eruptions into the construction of the volcanoes of La Ré union
A low magmatic flux scenario such as described above is consistent with the Hawaiian model of construction of the Piton des Neiges, where the eruption of alkaline differentiated magmas is associated with the entry of the volcano into its declining phase. Although PUBs have trace element patterns comparable with the Piton des Neiges shield basalts and oceanites (see Fig. 8 ), they also display a more alkaline character. This difference is likely to reflect a lower degree of partial melting, which could be related to the decrease in magmatic production during the alkaline stage that followed the shield (oceanitic) stage for Piton des Neiges. In contrast, at Piton de la Fournaise, which shows an inverse stratification compared with Piton des Neiges with the older lavas being more alkaline and differentiated than the younger ones (Fig. 1c) , PUBs cannot easily be reconciled with a decrease in magma supply, nor a change in magma dynamics. However, the PUBs found in the two volcanoes are petrographically and chemically similar, and this observation clearly points to a common process of formation. One way to apply the previous scenario (i.e. the decrease of magmatic production) to the genesis of the PUBs ascribed to Piton de la Fournaise is to reconsider the evolution scheme of this volcanic edifice: Piton de la Fournaise activity, sensu stricto, would be initiated by the Oceanitic Series at 450 ka (see Fig.  1c ) and the older Differentiated Series, including the PUBs dated from about 560 to 450 ka, would correspond to the end of the activity of a former edifice, characterizing a decrease in magmatic flux. This would be consistent with the assumption about the existence of a volcano, now largely dismantled, that predates Piton de la Fournaise, the Les Alizé s volcano or Proto-Fournaise (Lerebour, 1987; Ranc¸on et al., 1989; Lé nat et al., 2001; Smietana, 2011) . Accordingly, PUBs originally assigned to the La Fournaise volcano may be related to the declining stages of this older edifice. Following this hypothesis, this complex would have been contemporaneous with the constructional phase of Piton des Neiges (Lé nat & Aubert, 1982; Lé nat et al., 2001; Gailler, 2010) , and its last activity would have occurred around 450 ka, with the eruption of the alkaline differentiated lavas of the Riviè re des Remparts, which comprise the PUB lavas.
CONCLUSIONS
Textural observations of plagioclase macrocrysts and the study of the compositions of melt inclusions preserved within plagioclase macrocrysts in plagioclaseultraphyric basalts (PUBs) from the Piton de la Fournaise and Piton des Neiges support the inherited nature of these crystals and their accumulative origin. The parental melts of these plagioclases belong to the La Ré union Differentiated Series, whose evolution is governed predominantly by clinopyroxene þ plagioclase crystallization. Trace element compositions indicate that the parental melts and the host lavas of the two volcanoes originate from chemically similar mantle sources. The presence of plagioclase-rich aggregates in the PUBs and the deformation features observed in some plagioclase crystals suggest that the fragments arose from the dismantling of an anorthositic mush and cumulate at the upper edges of a magma chamber. This accumulative zone was previously formed by the selective concentration of the plagioclase crystals by flotation. The investigation of the periods and abundances of the PUB lava eruptions at Piton des Neiges led to a possible model in which plagioclase crystallization and accumulation is promoted during a decrease in magmatic flux when the volcano enters its alkaline, declining phase. The strong similarity between PUBs from the Riviè re des Remparts, initially assigned to Piton de la Fournaise volcano, and those of Piton des Neiges provides a valuable argument to indicate that PUBs from the Riviè re des Remparts came from the declining phase of activity of an edifice older than Piton de la Fournaise, possibly the Les Alizé s volcano.
